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(57) ABSTRACT

An optical-fiber-characteristic-evaluating, apparatus
includes a measuring unit and an analyzing unit. The mea-
suring unit measures, in one arbitrary direction, dependence
F (@) ot an electric field F of a measurement-object mode,
which 1s one of high-order spatial modes of a multimode
optical fiber that 1s to be evaluated, upon an angle of
divergence ¢ 1n a far field by performing FFS. The analyzing
unit obtains dependence 1 (r) of the electric field F of the
measurement-object mode upon a {fiber-radial-direction
position r at the exit end of the multimode optical fiber by
performing a calculation 1n accordance with a predetermined
expression containing F ().

16 Claims, 6 Drawing Sheets

| ANALYZING | | CONTROL
P UNIT UNIT

j
¢

i2

| ¥’~.4E:t'k8UR%NG3

UNIT
T T ;
{ {
13 11

oyl k" ol bl bl




US 10,041,857 B2

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
9,513,189 B2* 12/2016 Jang ...................... GO1IM 11/33
2002/0178757 Al1* 12/2002 Chinn .................. GOIM 11/334
65/378

OTHER PUBLICATIONS

Yuta Wakayama et al., “DMD Measurement of 114-SDM Trans-
mission Fibre Using Low-Coherence Interferometry with Digital

Holographic Processing,” European Conference on Optical Com-

munication (ECOC), 2015, p. 1.19.

Yongmin Jung et al., “Compact 32-Core Multicore Fibre Isolator for
High-Density Spatial Division Multiplexed Transmission,” ECOC,
2016, pp. 556-558, paper W.2.B 4.

Recommendation G.650.2, “Definitions and test methods for sta-
tistical and non-linear related attributes of single-mode fibre and
cable,” Telecommunication Standardization Sector of International

Telecommunication Union (ITU-T), 2015.

* cited by examiner



U.S. Patent Aug. 7, 2018 Sheet 1 of 6 US 10,041,857 B2

FIG. 1




['Oep] IONIOHIAIQ 40 TT1ONY

US 10,041,857 B2

1)% - 0¢ 0C 0l 0
- - — " ———— _~ 06—
Good T S J9pI0 WO J0 LH "tedT ---| )
SR LA e e — L | JopIo 10 10 IH ‘L1 4 08-
44 4# _“1 ﬂﬂ £ m d}] — “
A A/ _ & _ ] ¢ |
NS [ — i N— 14aziedl v L os-
o T v A 14Aa24id1 o | ! T
1= _ i - il
~ m D
w, Z
= | [Tl
s _ﬂ =z
2
ilﬂ..._
o gy
= &
r~
oh
-
<

¢ Old

U.S. Patent



US 10,041,857 B2

Sheet 3 of 6

Aug. 7, 2018

U.S. Patent

L0sp] IONIOYHIAIQ 40 TTIONY

[T A F TR oy gy
A T R R R

JOPIO PUZ 4O 1 H ‘1ZdT ~--— | : H e Ry
JOPIOISL IO I H ‘LI e | _
JBpo Yig 1o 1H ‘Log] —— b :
1402 2047 x
134aeiedr v |

L A
2
¥
i
:
i
1
1
h)
!
{
1
1
b
|
4
:b«*f
s
o f
: %
£
3
3
¥
- }
¥
}
2
{
4
3
]
L
{
{
3
]
1
4
;!
3
ﬁ
!
!
i
.
t
1|
I
I
!
b
'
1
-;L.
z

-
N
T_:‘:
s
3.
- |
{1

InF N, W e a 'w' W

fr o e e e a

[ap] ALISNI LN d44d

¢ Ol



U.S. Patent Aug. 7, 2018 Sheet 4 of 6 US 10,041,857 B2

FIG. 4
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FIG. 5
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FIG. 6
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METHOD OF EVALUATING
CHARACTERISTICS OF OPTICAL FIBER,

AND APPARATUS OF EVALUATING
CHARACTERISTICS OF OPTICAL FIBER

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a method and an appa-
ratus of evaluating optical characteristics of each of spatial
modes propagating through a multimode optical fiber.

Description of the Related Art

J. W. Nicholson et al., “Spatially and spectrally resolved
imaging of modal content 1n large-mode-area fibers,” Optics
Express 16(10), 7233-7243 (2008) and Y. Wakayama et al.,
“DMD measurement of 114-SDM transmission fibre using
low-coherence interferometry with digital holographic pro-
cessing,” European Coniference on Optical Communication
(ECOC) (2013), P. 1.19 describe a method which obtain
near-field patterns (NFPs) of the respective spatial modes
propagating through a multimode optical fiber. In the
method, the NFP of a plurality of spatial modes propagating,
through the multimode optical fiber 1s measured through a
magnification optical system and an infrared camera and the
interference observed in the result of the measurement 1s
analyzed.

Y. Jung et al., “Compact 32-Core Multicore Fibre Isolator
for High-Density Spatial Division Multiplexed Transmis-
sion,” ECOC (2016), pp. 556-358, paper W.2.B.4 describes
a method 1n which the entrance end surface of a receiving
optical fiber 1s two-dimensionally scanned through a mag-
nification optical system, whereby two-dimensional NFPs of
a multimode optical fiber are measured with a high dynamic
range.

Recommendation G.650.2, “Definitions and test methods
for statistical and non-linear related attributes of single-
mode fibre and cable,” Telecommunication Standardization
Sector of International Telecommunication Union (ITU-T)
(2015) describes a method which measures the mode field
diameter (MFD) and the effective cross-sectional area (Aell)
by far-field scanning (FFS) and evaluates them. In this
method, a one-dimensional far-field pattern (FFP) of a
circularly symmetric fundamental mode 1s measured with
the angle of divergence taken as the horizontal axis, and the
result 1s numerically converted by zeroth-order inverse
Hankel transform into a one-dimensional NFP with the
position 1n the radial direction of the fiber taken as the
horizontal axis. Then, the MFD and the Aefl are calculated
from the NFP.

In each of the methods disclosed by J. W. Nicholson et al.,
Y. Wakayama et al., and Y. Jung et al., a magnification
optical system 1s used. Therefore, the diffraction limit of the
magnification optical system makes the spatial resolution of
the analyzed NFP lower than the spatial resolution of the
actual NFP. In each of the methods disclosed by J. W.
Nicholson et al. and Y. Wakayama et al., an infrared camera
1s used. However, the infrared camera only has a dynamic
range ol about 40 dB at highest. Moreover, the dynamic
range 1s lowered at the time of analysis for mode separation.
In the method disclosed by Y. Jung et al., since the image 1s
obtained by two-dimensionally scanning the entrance end
surface of the receiving optical fiber, it takes a very long
time to take one 1mage. The conversion of an FFP 1to an

NFP disclosed by ITU-T 1n Recommendation G.650.2 1s
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2

applicable only to a circularly symmetric mode (a mode
having an azimuthal mode number of 0). In a high-order
spatial mode having an azimuthal mode number of 1 or
greater, the mode 1s no longer circularly symmetric and
when the azimuth changes, the phase and the polarization
also change. Consequently, the mode 1s converted with
CITors.

SUMMARY OF THE INVENTION

The present invention provides a method and an apparatus
ol evaluating optical characteristics of a multimode optical
fiber (MMF) having one or more high-order spatial modes
cach of whose azimuthal mode number n 1s not 0. The
evaluation 1s made for each of the spatial modes with a high
dynamic range and a high spatial resolution and 1n a short
time.

According to an aspect of the present invention, there 1s
provided a method of evaluating optical characteristics of
cach of one or more high-order spatial modes propagating
through an MMF, the spatial modes each having an azi-
muthal mode number n that 1s not 0. The method includes a
measurement step in which dependence F_(¢) ot an electric
field F of a measurement-object mode, which 1s one of the
high-order spatial modes, upon an angle of divergence ¢ 1n
a far field 1s measured in one arbitrary direction by far-field
scanning; and an analysis step in which dependence 1 (r) of
the electric field F of the measurement-object mode upon a
fiber-radial-direction position r at an exit end of the MMF 1s
calculated 1n accordance with Expression (1):

J(D) " F (@), (vk sin @))sin 2¢dg (1)

containing the dependence F_(¢), where k denotes a wave
number of light in a vacuum, and ¢_ . denotes a maximum
angle of divergence 1n the measurement of the dependence
Fo(@) or a maximum angle of divergence at which the
measured dependence F (¢) 1s significant.

According to another aspect of the present invention,
there 1s provided an apparatus of evaluating optical charac-
teristics of each of one or more high-order spatial modes
propagating through an MMF, the spatial modes each having
an azimuthal mode number n that 1s not 0. The apparatus
includes a measuring unit that measures, 1n one arbitrary
direction, dependence F (@) of an electric field F of a
measurement-object mode, which 1s one of the high-order
spatial modes, upon an angle of divergence ¢ 1n a far field
by far-field scanning; and an analyzing unit that calculates
dependence 1 (r) of the electric field F of the measurement-
object mode upon a fiber-radial-direction position r at an exit
end of the MMF 1n accordance with Expression (1) above
containing the dependence F ().

According to each of the above aspects of the present
invention, optical characteristics of an MMF having one or
more high-order spatial modes each of whose azimuthal
mode number n 1s not 0 can be evaluated for each of the
spatial modes with a high dynamic range and a high spatial
resolution and i a short time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a Cartesian coordinate system (X, v) and

angles of divergence ¢, and (...
FIG. 2 1s a diagram in which far-field patterns (FFPs)

obtained by two-dimensional Fourier transtorm (F1) of
near-field patterns (NFPs) of an LP11 mode and an LP21
mode, respectively, propagating through a four-linearly-
polarized-mode (4L.P-mode) core are compared with FFPs
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obtained by zeroth-order Hankel transform of the same
NFPs 1n accordance with Expression (2).

FIG. 3 1s a diagram 1 which FFPs obtained by two-
dimensional FT of NFPs of an LP01 mode (n=0), an LP11
even mode (n=1), an LP21 even mode (n=2), and an LP02
mode (n=0), respectively, propagating through a 4L.P-mode
core are compared with FFPs obtained by generalized Han-
kel transform of the same NFPs in accordance with Expres-
sion (7) with appropriate n values.

FIG. 4 illustrates FFP scanming performed in the mea-
surement of IFqD(cp)I2 .

FIG. 5 1s a flow chart illustrating a method of evaluating
characteristics of an optical fiber according to an embodi-
ment.

FIG. 6 1s a conceptual diagram of an optical-fiber-char-

acteristic-evaluating apparatus according to the embodi-
ment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

An embodiment of the present immvention will now be
described 1n detail with reference to the accompanying
drawings, wherein identical reference numerals denote the
same elements. Redundant description of the same elements
1s omitted. The present invention 1s not limited to the
following exemplary embodiment. The scope of the present
invention 1s defined by the appended claims and encom-
passes any equivalents thereol and any modifications made
thereto within the scope.

Space division multiplexing (SDM) 1s a promising tech-
nique that can overcome the current limit imposed on the
transmission capacity of a single-mode fiber (SMF). Major
SDM techniques include mode division multiplexing 1in
which a few-mode fiber (FMF) or a few-mode multi-core
fiber (FM-MCF) 1s employed.

To evaluate or estimate transmission characteristics of an
optical fiber, characteristics of individual modes need to be
identified. However, 1n many research reports on FMFs or
FM-MCFs, the eflective cross-sectional area (Aell) of a
high-order spatial mode 1s not actually measured. Instead, a
value calculated from a near-field pattern (NFP) estimated
from a relevant calculation 1s reported, because it 1s diflicult
to measure the NFP of a high-order mode 1n a two-dimen-
sional way and with a high dynamic range.

Regarding the mode of a SMF, the Aefl 1s measured by
tar-field scanning (FFS). In such a measurement method, the
Aefl 1s correctly measurable by using an NFP obtained
through the conversion of a far-field pattern (FFP) that 1s
measurable with a high spatial resolution and a high
dynamic range. However, Hankel transtorm employed in the
conversion ol an NFP into an FFP 1s applicable only to a
circularly symmetric mode and 1s not applicable to non-
circularly symmetric high-order modes propagating through
a FMEF. Although a two-dimensional NFP 1s directly mea-
surable by S2 1imaging, a low-coherence interferometry, or
the like, such a method accompanies dithculties 1n correctly
measuring the Aell because of the dynamic-range limit of
the iirared camera or the spatial-resolution limit imposed
by the diflraction limit of the magnification optical system.

A method of evaluating characteristics of an optical fiber
and an apparatus of evaluating characteristics of an optical
fiber according to the following embodiment each enable an
evaluation of optical characteristics of each of spatial modes
propagating through an FMF with a high dynamic range and
a high spatial resolution and 1n a short time. In the embodi-
ment, Hankel transform of an NFP of a non-circularly
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4

symmetric high-order mode propagating through a cylindri-
cally symmetric core into an FFP 1s employed, and FFPs of
non-circularly symmetric high-order modes propagating
through a four-linearly-polarized-mode (4LP-mode) fiber
are measured by FFS, which realizes a high dynamic range.
From the FFPs thus measured, NFPs and Aefls of the
respective non-circularly symmetric high-order modes are
calculated. The result of such a calculation closely matches
with the estimation based on two-dimensional FT.

In FFS performed on a circularly symmetric fundamental
mode of a cylindrically symmetric core, an NFP 1s obtained
by numerically converting a measured FFP. It the electric-
field distribution of the mode 1s circularly symmetric, the
NFP (1,(r)) and the FFP (F (¢)) are convertible mto each
other 1n accordance with the following zeroth-order Hankel
transform pair:

§

Folp) o Qﬂfmfr(r)o’g(rksingp)rdr (2)
0

/2 '
Jr(r) o f” Fol@)Jo(rksing)sin2ed
\ 0

In Expression (2) above, r denotes the radial-direction
position in the NFP plane (the fiber end surface), ¢ denotes
the angle of divergence [rad] spreading toward the FFP, I,
denotes the zeroth-order Bessel function of the first kind,
and k=2n/A denotes the wave number of light 1n a vacuum.
Since the conversion 1s realized i accordance with the
above relational expression, the NEFP can be estimated with
a high dynamic range and a high spatial resolution. Conse-
quently, the Aefl can be measured correctly.

In general, the Fraunhofer diflraction pattern of an NFP {
(1.e., an FFP F) 1s expressed as follows:

(3)

where (X, y) denotes the local Cartesian coordinates at the
fiber end surface, @, denotes the angle of divergence spread-
ing toward the FFP 1n the x-axis direction, and ¢,, denotes the
angle of divergence spreading toward the FFP 1n the y-axis
direction.

FIG. 1 1llustrates a Cartesian coordinate system (X, v) and
the angles of divergence ¢, and ¢,. Light emitted from a
light source 2 enters the entrance end of a multimode optical
fiber (MMEF) 1, which 1s the object of evaluation. The light
1s guided through the MMF 1 and emerges from the exit end
of the MMF 1. The Cartesian coordinate system (X, V)
having the origin thereof coinciding with the center of the
MMF 1 extends 1n a plane containing the exit end surface of

the MMF 1.
Expression (3) given above 1s also expressed as follows:

Frrp.op,) < Jfxy)exp[—i(p,x+p,y)]dxdy. (4)

[P —(RNsin @, p,~(2u/A)sin ¢,]
That 15, Expression (3) 1s regarded as a two-dimensional
Fourier transform (FT). Furthermore, Expression (4) 1s also

expressed as the following polar coordinate system:

F(qp,,)<[[flx,y)exp[—jk(x sin @ +y sin @, )]dxdy,

2 5
Frr oo (0, ©) fﬂ f Froi(r O)expl— jorcos(© — O)ldordr,
() 0

where (r, 0) denotes the polar coordinate system correspond-
ing to (x, y), and (p, ) 1s the polar coordinate system
corresponding to (p,, p,). In addition, p 1s also expressed
with respect to the angle of divergence ¢ as p=(2m/A)sin .
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In the case of the circularly symmetric mode, the two-
dimensional FT 1s equal to the zeroth-order Hankel trans-

form. Hence, the NFP and the FFP of the fundamental mode

are convertible into each other 1n accordance with Expres-
sion (2). However, a high-order mode 1 which the azi-
muthal mode number n 1s not 0 has an electric-field distri-

bution that 1s not circularly symmetric.
FIG. 2 1s a diagram in which FFPs obtained by two-
dimensional FT of NFPs of an LP11 mode and an LP21

mode, respectively, propagating through a 4L.P-mode core
(supposed to have a core diameter of 17.6 um, a relative
refractive-index difference A of the core with respect to the
cladding of 1.09%, and a profile parameter a of the refrac-
tive-index profile of 1.9) are compared with FFPs obtained
by zeroth-order Hankel transform of the same NEFPs in
accordance with Expression (3). In FIG. 2, the FFP intensity
1s standardized by defining the maximum value as O dB. The
result of the two-dimensional FT, which 1s supposed to
correspond to the actual FFP, and the result of the zeroth-
order Hankel transform are totally different from each other
for both the LP11 mode and the LP21 mode. Zeroth-order
Hankel transform 1s not applicable to the NFP-FFP conver-
sion of a non-circularly symmetric mode. To address this
problem, the present embodiment employs the following
transform method.

In the case of the LP mode (LPnm mode), {,,,,, on the
right side of Expression (5) 1s expressed as 1 (r)cos(n0) or
t (r)sin(n0). The subscript “polar” means that the function
takes the polar coordinates as variables. On the basis of this
definition, 1t 1s assumed that ;. can be solved by separa-
tion of varniables mto 1 (r)i;(0). Then, the following Hankel
transform pairs generalized for an LP mode having an
azimuthal mode number n are obtained:

It t,,,,=t(r)cos(nbd), the following applies:

olar

{ Fpm’ar(@?a G)) x F@(@)CDS(HGJ
fpﬂmr (F,. 9) o fr(@)CDS(HQ) |

If 1,,,,~1(r)sin(nb), the following applies:

olar

{ Footar (0, ©) & Fip(@)sin(n®) (6)
frolar(r, 8) o« fr(g)sin(n®)
Furthermore, the following 1s obtained:

r (7)

Fo(¢) = Hylf,)(¢) = f £ (") (rksing)rdr
]

/2 '
fr(r) = Hy ' [Fy](r) = ]W Fole)d,(rksing)sinodp
. 0

Expressions (6) and (7) given above show the following

facts:

(a) Among the above expressions, those relatedto t, ,, =1,
(r)cos(n0) match with Expression (2) if n=0.

(b) According to Expression (6), the absolute level of the
radial profile of the FFP (corresponding to cos(n®) or
sin(n®) 1 Expression (6)) depends on the angle ©,
whereas the geometry of the radial profile of the FFP
(corresponding to F (¢@)=H,[1,](¢) 1n Expression (7))
does not depend on the angle ®. That 1s, regardless of
the direction of scanming performed in the measure-
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6

ment of the FFP, the profile geometry F (¢) does not
change during the measurement, although the absolute
level of the profile changes. Hence, Expression (7) only
needs to be considered, normally.

(c) An even mode 1n which the electric-field amplitude of

the NFP 1n the azimuthal direction changes with cos
(n0) 1s converted into an even mode 1 which the
electric-field amplitude of the FFP changes with cos
(n®). In contrast, an odd mode 1n which the electric-
field amplitude of the NFP in the azimuthal direction
changes with sin(n0) 1s converted mto an odd mode 1n
which the electric-field amplitude of the FFP changes
with sin(n®).

A calculation for checking the validity of Expression (7)
was conducted. FIG. 3 1s a diagram in which FFPs obtained
by two-dimensional FT of NFPs of an LP01 mode (n=0), an
LP11 even mode (n=1), an LP21 even mode (n=2), and an
LP02 mode (n=0), respectively, propagating through a 4L.P-
mode core are compared with FFPs obtained by generalized
Hankel transform of the same NFPs in accordance with
Expression (7) with appropriate n values. The 4LP-mode
core 1s assumed to be the same as that used for the com-
parison illustrated i FIG. 2. In FIG. 3 also, the FFP intensity
1s standardized by defining the maximum value as O dB. The
FFPs obtained by two-dimensional FT closely match with
the FFPs obtained by the generalized Hankel transform,
which 1s given above as Expression (7), for all of the modes.
This proves that the NFP-FFP conversion of a high-order
mode whose azimuthal mode number n 1s not 0 1s valid n
accordance with Expression (7).

The x- and y-polarization components {f, f } of an NFP
of an eigenmode that 1s characteristic of a cylindrically
symmetric core are expressed as {f cos(n6), =f sin(n6)} or
{+f sin(nB), f cos(nb)}. Considering this expression and the
above facts (b) and (c), the x- and y-polarization components
{F.. F,} of an FFP of the eigenmode that is characteristic of
the cylindrically symmetric core are expressed as {H [f ]
cos(n®), =H [f ] sin(n®)} or {xH [f] sin(n®), H [f ] cos
(n®)}.

Hence, the intensity distribution of the NFP of the eigen-
mode that 1s characteristic of the cylindrically symmetric
core 1s expressed as follows:

£, O = | filr, OF + | f,(r, DI (8)

= |ﬁ,(r)|2(m-‘52n9 + sin’nb)

= | f(0I*.

Furthermore, the intensity distribution of the FFP of the
cigenmode that 1s characteristic of the cylindrically sym-
metric core 1s expressed as follows:

|F(p, ©)° = |F(r, ©)F +|F,(p, ©)|° (9)

= |F, (0)|* (cos*n® + sin®n®)

= |F,(p)|".

This shows that even i1f a high-order mode of a cylindrically
symmetric core has a non-circularly symmetric phase com-
ponent, the mode has a circularly symmetric intensity com-
ponent.

Here, using If (r)|* and IFq:,(cp)IZj the mode field diameter
(MFED) of the eigenmode 1s calculable in accordance with a
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known expression. Specifically, the MFD defined by the
second moment of the NFP (denoted as MFDI1, 1.e., the

MEFD of a so-called Petermann I) 1s calculated as follows:

1/2 (10)

MFD] =2

| ..
£ d
2([ Fl)lI"'F F)

 JIfPrdr

Furthermore, the MFD defined by the second moment of
the FFP (the MFD of a so-called Petermann II) 1s calculated

as follows:

/2 . 1172 (11)
|Fp(@)|"sinpcospde
2 0

MFD = . _
E |F ()| ?sin’ pcospdy

Al

As described above in the fact (b), If (r)|* only needs to be
calculated 1n accordance with Expression (5), regardless of
the direction of scanning of the FFP in the measurement of
Iﬁh:"cp(cp)l2 (regardless of 1n which azimuthal direction © the
scanning 1s periformed).

The effective cross-sectional area Aefl 1s defined as fol-
lows:

(12)

([ 157w :( I 2ﬂ|f|2af~«exc:sr]2.

S J1f*dxy B L1 dodr

Aesr =

Hence, the Aell of the eigenmode 1s calculated as follows:

( ]: £, P fﬂ Md@] ( f |fr(r)|2rdr]2

[Nl ar [ do § LA rdr

(13)

2
Aeff EM = =7

The Aefl of an LP mode (1.e., the x-polarization component
or the y-polarization component of the eigenmode) 1s cal-
culated as follows:

oo pars 2
( f | dr f casznﬁ?d&?]
] ]

L1 dr [T cos*ngade

(ﬂfmp rdr]2 A (LMVAZ m’r)z

B3 o 3 [®1£P rd
A Jo V"

2A
= 3 Aeff.EM -

(14)

Aesr P =

While the above expressions apply to the case of an even
mode, the same apply to the case of an odd mode.

FIG. 4 illustrates the FFP scanning performed in the
measurement of IFcp(cp)lz. FIG. 4 1s obtained by adding a
detector 3 to the elements 1llustrated 1n FIG. 1 and illustrates
the direction of scanning performed by the detector 3, which
serves as a light-intensity-measuring device. The detector 3
according to the present embodiment only needs to be
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capable of performing scanning in one arbitrary direction.
The detector 3 may be replaced with a detector that scans the
entrance end of the optical fiber to be measured. In that case,
the detector 1s optically connected to the exit end of the
optical fiber.

FIG. 5 1s a flow chart 1llustrating a method of evaluating
characteristics of an optical fiber according to the present
embodiment. The method of evaluating characteristics of an
optical fiber according to the present embodiment 1includes
a measurement step S11 and an analysis step S12. FIG. 6 1s
a conceptual diagram of an optical-fiber-characteristic-
evaluating apparatus 10 according to the present embodi-
ment. The optical-fiber-characteristic-evaluating apparatus
10 includes a measuring unit 11, an analyzing unit 12, and
a control unit 13. The measuring unit 11 may include a photo
detector or a power meter and the analyzing unit may
include a computer.

The MMF 1, which 1s an optical fiber to be measured, 1s
preferably coiled in a part thereof with a predetermined
diameter so that any cladding modes are removed. The light
source 2 1s preferably a laser light source. Light emitted
from the light source 2 1s guided by an entrance fiber 4 and
1s 1ncident on the entrance end of the MMF 1 as the optical
fiber to be measured. A rotatable stage 5 1s rotatable about
the exit end of the MMF 1. The entrance end of a receiving
optical fiber serving as the detector 3 1s fixed to the rotatable
stage 5. With the rotation of the rotatable stage S, the
entrance end of the receiving optical fiber 1s scanned. The
light that 1s incident on the entrance end of the receiving
optical fiber 1s guided to the measuring unit 11. The receiv-
ing optical fiber may be either an MMF or an SMF.

In the measurement step S11, the measuring unit 11
measures, 1n one arbitrary direction, dependence F (¢) of an
clectric field F of a measurement-object mode upon an angle
of divergence @ 1n a far field by performing FFS. The
measurement-object mode 1s one of high-order spatial
modes of the MMF 1, which 1s the object of evaluation. This
measurement 1s performed by using the optical system
illustrated in FIG. 4. The MMF 1 as the object of evaluation
may have a rotationally symmetric core or a cylindrically
symmetric core.

In the measurement step 511, the dependence F () of the
clectric field F of the measurement-object mode upon the
angle of divergence @ 1n the far field may be measured 1n the
following alternative method. Specifically, the measuring
unit 11 measures dependence IFqD(q:J)I2 of the light intensity
of the measurement-object mode upon the angle of diver-
gence @ 1n the far field by using the light-intensity-measur-
ing device, and then takes the square root of the light
intensity, thereby obtaining an absolute value |F ()l of the
clectric field F. Then, the sign of the electric field F 1s
inverted at an angle of divergence @ where the light intensity
1s lowest regardless of measurement noise.

In the measurement step S11, the measuring unit 11 may
selectively measure the light of the measurement-object
mode by selectively allowing the light to enter the measure-
ment-object mode of the MMF 1 through a selective mode
multiplexer. Alternatively, in the measurement step S11, the
measuring unmt 11 may selectively measure the light of the
measurement-object mode by analyzing the interference
between the fundamental mode and the measurement-object
mode and extracting the component of the measurement-
object mode.

In the analysis step S12, the analyzing unit 12 performs a
predetermined analysis on the basis of the result of the
measurement performed by the measuring unit 11. Specifi-
cally, in the analysis step S12, the analyzing unit 12 obtains
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dependence 1 (r) of the electric field F of the measurement-
object mode upon a fiber-radial-direction position r at the
exit end of the MMF 1 by performing a calculation 1n
accordance with Expression (1) containing F ().

In the analysis step S12, the analyzing unit 12 may 5
cvaluate the Aell of the measurement-object mode by per-
forming a calculation 1n accordance with Expression (13)
contaiming 1 (r). Alternatively, in the analysis step S12, the
analyzing umt 12 may evaluate the MFD1 defined by the
second moment of the NFP of the measurement-object mode
by performing a calculation 1n accordance with Expression
(10) containing 1 (r). Alternatively, 1n the analysis step S12,
the analyzing unit 12 may evaluate the MFD defined by the
second moment of the FFP of the measurement-object mode
by performing a calculation 1n accordance with Expression
(11) containing the dependence IF‘,:ID(q:J)I2 of the light intensity
of the measurement-object mode upon the angle of diver-
gence ¢ 1n the far field.

The receiving optical fiber serving as the detector 3 may
be replaced with a photodiode or the like provided at a
position corresponding to the entrance end of the receiving,
optical fiber. A selective mode multiplexer may be provided
between the entrance fiber 4 and the MMF 1, whereby the
light 1s allowed to be incident only on the measurement-
object mode of the MMF 1. Alternatively, the entrance fiber
4 and the MMF 1 may be directly coupled to each other
without interposing the mode multiplexer therebetween. In
such a configuration, the analyzing unit 12 analyzes the
interference between a non-measurement-object mode and
the measurement-object mode, and the component of the
measurement-object mode 1s extracted. The non-measure-
ment-object mode 1s preferably the fundamental mode.

What 1s claimed 1s:

1. A method of evaluating optical characteristics of each
of one or more high-order spatial modes propagating
through a multimode optical fiber, the spatial modes each
having an azimuthal mode number n that 1s not 0, the method
comprising;

a measurement step including measuring dependence

F (@) of an electric field F of a measurement-object
mode, which 1s one of the high-order spatial modes,
upon an angle of divergence ¢ 1n a far field i one
arbitrary direction by far-field scanning; and

an analysis step including calculating dependence 1 (r) of

an electric field 1 of the measurement-object mode upon 45
a fiber-radial-direction position r at an exit end of the
multimode optical fiber 1n accordance with Expression

(1):
FAP) o™ F (M, (rk sin @)sin 2qpde, (1

where k denotes a wave number of light 1n a vacuum, and
¢, . denotes a maximum angle of divergence in the mea-
surement of the dependence F (@) or a maximum angle of
divergence at which the measured dependence F () is
significant.
2. The method according to claim 1,
wherein, the analysis step including evaluating an eflec-
tive cross-sectional area Aell of the measurement-
object mode by performing a calculation 1n accordance
with Expression (2):

( fﬂ 1L rdr]z

P15 rdr
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3. The method according to claim 1,
wherein, the analysis step including evaluating a mode

field diameter MFD defined by a second moment of a
near-field pattern of the measurement-object mode by
performing a calculation in accordance with Expres-

sion (3):

1/2

(3)

MFD =2

| ..
£ PR
2([ Fi)lr F’)

1A rdr

4. The method according to claim 1,

wherein, the analysis step including evaluating a mode
field diameter MFD defined by a second moment of a
far-field pattern of the measurement-object mode by

performing a calculation 1n accordance with Expres-
sion (4):

2 . 112 (4)
|Fp(@)|“singcospde
) 0

MFD = 7 _
E |F@(ga)|251n3gamsgadga

A |

5. The method according to claim 1,

wherein, the measurement step including measuring the
dependence F (@) by measuring, with a light-intensity-
measuring device, dependence Iqu((p)I2 of light inten-
sity of the measurement-object mode upon the angle of
divergence ¢ 1n the far field, taking a square root of the
light intensity so as to convert the dependence IFqD(q:J)I2
into an absolute value |F ()| ot the electric field F, and
mverting a sign of the electric field F at an angle of
divergence ¢ where the light intensity 1s lowest regard-
less of measurement noise.

6. The method according to claim 1,

wherein, the measurement step including measuring light
of the measurement-object mode selectively by selec-
tively allowing the light to enter the measurement-
object mode of the multimode optical fiber through a
selective mode multiplexer.

7. The method according to claim 1,

wherein, the measurement step including measuring light
of the measurement-object mode selectively by analyz-
ing interference between a non-measurement-object
mode and the measurement-object mode and extracting
a component of the measurement-object mode.

8. The method according to claim 1,

wherein the multimode optical fiber has a rotationally
symmetric core.

9. The method according to claim 1,

wherein the multimode optical fiber has a cylindrically
symmetric core.

10. An apparatus of evaluating optical characteristics of
cach of one or more high-order spatial modes propagating
through a multimode optical fiber, the spatial modes each
having an azimuthal mode number n that 1s not 0, the
apparatus comprising:

a measuring unit configured to measure, 1n one arbitrary
direction, dependence F (@) ot an electric field F of a
measurement-object mode, which 1s one of the high-
order spatial modes, upon an angle of divergence ¢ 1n
a far field by far-field scanning; and
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an analyzing unit configured to calculate dependence 1 (r)
of an electric field 1 of the measurement-object mode
upon a fiber-radial-direction position r at an exit end of
the multimode optical fiber 1n accordance with Expres-
ston (S): 5

(D)= ™o F (@), (rk sin @)sin 2¢de, ()

where k denotes a wave number of light 1n a vacuum, and
¢, denotes a maximum angle of divergence 1n the mea-
surement of the dependence F (¢) or a maximum angle of 10
divergence at which the measured dependence F () is
significant.

11. The apparatus according to claim 10,

wherein the analyzing unit 1s configured to evaluate an
effective cross-sectional area Aeft of the measurement- 15
object mode by performing a calculation 1n accordance
with Expression (6):

0o 2 Gy 20
( f 0P mfr] ©)
()

INTZG M

Aur =20

12. The apparatus according to claim 10, 25
wherein the analyzing unit 1s configured to evaluate a
mode field diameter MFD defined by a second moment
ol a near-field pattern of the measurement-object mode,
the evaluation being made by performing a calculation
in accordance with Expression (7): 30

: 2 1172 (7)
([150rra)
2

MFD =72 .
JIFAG . 35
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13. The apparatus according to claim 10,

wherein the analyzing umt 1s configured to evaluate a

mode field diameter MEFD defined by a second moment
of a far-field pattern of the measurement-object mode,
the evaluation being made by performing a calculation
in accordance with Expression (8):

2 | 12 (8)
|[F(@)|*singcospde
) 0

MFD = - —
j;r |Fp ()] sin” gcospde

A | &

14. The apparatus according to claim 10,

wherein the measuring unit 1s configured to evaluate the
dependence F_(¢), with a light-intensity-measuring
device, depengjence Iqu(q:J)I2 of light intensity of the
measurement-object mode upon the angle of diver-
gence @ 1n the far field, taking a square root of the light
intensity so as to convert the dependence IR]D(q:J)I2 into
an absolute value IF (@)! of the electric field F, and
inverting a sign of the electric field F at an angle of
divergence ¢ where the light intensity 1s lowest regard-
less of measurement noise.

15. The apparatus according to claim 10,

wherein the measuring unit 1s configured to selectively
measure light of the measurement-object mode by
selectively allowing the light to enter the measurement-
object mode of the multimode optical fiber through a
selective mode multiplexer.

16. The apparatus according to claim 10,

wherein the measuring unit 1s configured to selectively
measure light of the measurement-object mode by
analyzing interference between a fundamental mode
and the measurement-object mode and extracting a

component of the measurement-object mode.
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